ABSTRACT
INTRODUCTION

44
The acetone-butanol-ethanol (ABE) fermentation of Clostridium acetobutylicum and related 45 bacteria has a successful history of industrial-scale operation worldwide, but went into decline 46 during the latter part of the 20 th century for economic reasons (1) . Nevertheless, stimulated by 47 concerns relating to the environmental effects of burning fossil fuels and the potential of butanol 48 as a biofuel, interest in the fermentation is being revived (2). Traditionally, the industrial process 49 used starch or molasses as the fermentable substrate, and while these may still be employed the 50 fermentation of the future is likely to be based on a variety of alternative feedstocks which are 51 derived as wastes from other processes. Lignocellulose-based agricultural wastes have attracted 52 considerable attention, but other materials are also being considered (3, 4). An important 53 criterion is that the fermentable substrates should be effectively utilized to support high 54 productivity, yield and titre of the desired metabolic end-product.
55
The solventogenic clostridia are capable of utilizing a wide range of carbohydrate substrates,
56
thus displaying a metabolic capability that can be harnessed in development of fermentation 57 processes (5). In common with other obligately anaerobic bacteria, the principal mechanism of 58 accumulation of fermentable monosaccharides, disaccharides and sugar derivatives is via the 59 phosphoenolpyruvate (PEP) -dependent phosphotransferase system (PTS) which catalyses provide a means of dealing with this burden, employing strains with the ability to degrade chitin 90 and take up and grow on GlcNAc. As a first step in evaluating C beijerinckii for this purpose,
91
the aim of this study was therefore to characterise the putative GlcNAc PTS with respect to its 92 substrate specificity and potential physiological role.
94
MATERIALS AND METHODS
95
Organism and growth conditions. C. beijerinckii NCIMB 8052 was maintained as a spore placed into a 1.5 ml Eppendorf tube with 750 µl of RNA stabilization reagent (Qiagen), and the 145 mixture was incubated at room temperature for 10 min and then centrifuged at 13,000g for 3min.
146
The supernatant was removed and the pellet was flash-frozen in liquid nitrogen and stored at -
147
70°C.
148
Total RNA was extracted using a RNeasy MiniKit (Qiagen) according to the manufacturer's Cloning of genes encoding the GlcNAc PTS and in vitro construction of a nag operon.
158
The cbe4532 and cbe4533 genes were cloned separately in pJET1.2/blunt (Fermentas) following
159
PCR amplification from C. beijerinckii DNA using primers listed in Table 1 selected clone of each gene was purified and sequenced to confirm the absence of mutations.
170
The vector pJET-cbe4532 was digested with XhoI and SalI, and the purified 1610 bp fragment vector was unable to ferment the amino sugar (Fig. 3A) . In addition the recombinant strain 228 utilised GlcNAc at a much faster rate than the control strain when grown in LB broth (Fig. 3B) .
229
When extracts prepared from the two strains were assayed for GlcNAc PTS activity, the 230 recombinant extract showed PEP-dependent GlcNAc phosphorylation, whereas the control 231 extract lacked this activity (Fig. 3C) . The results therefore demonstrated that Cbe4532/Cbe4533 232 constitute a functional GlcNAc PTS.
233
The recombinant vector carrying cbe4532-cbe4533 was also transformed into E. coli ZSC113,
234
which as a result of mutations in the glucose PTS, the mannose PTS and glucokinase is totally 235 unable to phosphorylate either glucose or mannose (18) . Transformants screened on MacConkey 236 agar containing 1% (w/v) glucose showed a positive fermentation phenotype (Fig. 4A ), but they
237
showed no ability to ferment mannose at the same concentration (Fig. 4B ). Ability to ferment 238 glucose was reflected in the demonstration of glucose PTS activity in cell extracts (Fig. 4C) . The
239
GlcNAc PTS of C. beijerinckii therefore also has the ability to transport and phosphorylate (Fig. 3C ).
243
Expression of the C. beijerinckii nag pts genes. Glucose has generally been observed to act 244 as a repressor of utilization of alternative carbon sources by the solventogenic clostridia (5, 26).
245
However, the dual substrate specificity of the PTS encoded by cbe4532 and cbe4533 may have at a rate slightly greater than for GlcNAc-grown cells (Fig. 1B) . Furthermore, when C.
257
beijerinckii was grown in CBM containing glucose and GlcNAc, cbe4532 and cbe4533 were 258 expressed (data not shown) and the two substrates were used simultaneously (Fig. 6) responds to the substrate as described, and since both GlcNAc and glucose are substrates they 300 will both induce expression. Elucidation of the role of Cbe4534 and the molecular mechanisms 301 underlying the induction process requires further experimental analysis.
302
The ability of glucose to induce expression of the cbe4532 (nagE) and cbe4533 (nagF) genes The proteins encoded by cac1353 (PTS IICB), cac1354 (PTS IIA) and cac1355 (antiterminator) 327 exhibit 41%, 53% and 51% identity to the corresponding proteins of the GlcNAc system in C.
328
beijerinckii. In a transcriptomic analysis of carbohydrate uptake and metabolism in C. although the possibility that it may transport an untested substrate was acknowledged.
334
Similarities with the GlcNAc PTS of C. beijerinckii suggest that this system is likely to be the
335
GlcNAc PTS of C. acetobutylicum, and it may be subject to a similar pattern of regulation as 336 observed in this study.
337
In summary, a GlcNAc PTS from C. beijerinckii has been identified and characterised as a 338 system that can transport and phosphorylate both GlcNAc and glucose. 
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